System effects on the fatigue reliability of deteriorating riveted railway bridges by Imam, B et al.
1 INTRODUCTION 
 
A large proportion of the existing railway bridge in-
frastructure in Europe and North America is of riv-
eted construction and is already exceeding 100 years 
of age. Considering their large number, replacement 
of these structures will be extremely difficult from 
an economic point of view and is likely to create se-
vere network problems. In terms of maintaining 
these old bridges and planning any future repair ac-
tions, the assessment of their remaining fatigue life 
is a vital requirement. A key aspect in determining 
the remaining fatigue life is the estimation of the 
fraction of the fatigue life that has already been ex-
pended, followed by a prediction of the remaining 
fatigue life.  
Riveted bridges consist of built-up sections, 
which are made up of several components, con-
nected together with riveted connections consisting 
of a number of rivets and angle clips. These struc-
tures are typically redundant and failure of an indi-
vidual component does not usually lead to structural 
collapse. To estimate the reliability of such bridges, 
the problem should be extended beyond the level of 
individual components failure and should be investi-
gated from a systems point of view. System reliabil-
ity approaches have been commonly used in the past 
to estimate the service life of bridge structures (Hen-
dawi & Frangopol 1994, Estes & Frangopol 1999).  
  The objective of this paper is to present a system-
based model for fatigue assessment building on pre-
vious work which has quantified a number of impor-
tant features exhibited by riveted grillage type struc-
tures, frequently encountered on the UK railway 
network. A finite element (FE) model of a short-
span, wrought-iron bridge is used in order to convert 
train loading into fatigue load effects. Characteristic 
stresses are obtained based on a recently developed 
theory, which considers the entire distribution ahead 
of any given stress concentration. This theory, called 
the Theory of Critical Distances, allows the critical-
ity of different parts of a fatigue sensitive detail to 
be independently assessed, and lends itself to a sys-
tem-based treatment of fatigue failure. A system ap-
proach is presented by treating each riveted connec-
tion through generic sub-systems which capture 
potential damage in identifiable hot-spots, such as 
rivets, holes and angle fillets. By treating these hot 
spots as the elements of a structural system suscepti-
ble to fatigue failure, its reliability over time is 
evaluated using system reliability methods. The rela-
tive importance of various connection components, 
given their individual failure probability and their 
contribution to the system reliability, is discussed. 
The results are compared with their S-N counter-
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ABSTRACT: This paper presents a system-based model for the fatigue assessment of old, deteriorating riv-
eted railway bridge connections, which are built up of a number of basic components. A finite element model 
of a typical, short-span railway bridge is used to convert train loading into probabilistic fatigue load spectra 
via Monte Carlo train simulations. Uncertainties in terms of loading, resistance and modelling are taken into 
account. Fatigue damage calculations are based on the Theory of Critical Distances, which is a recently de-
veloped theory that considers the entire stress distribution ahead of any given stress concentration. The paper 
focuses on a typical riveted stringer-to-cross-girder connection which is treated through generic sub-systems 
that capture potential damage in identifiable hot-spots, such as rivets, holes and angle fillets. By treating these 
hot- spots as the elements of a structural system susceptible to fatigue failure, its reliability over time is 
evaluated using system reliability methods. The results show that the probability of failure of the connection 
depends significantly on the form of the system adopted for the analysis. Low remaining lives on specific hot-
spots on different connection components show that fatigue cracking may be imminent or may have already 
initiated in a number of similar existing bridge connections.   
parts, which were obtained by the authors in earlier 
studies by employing the traditional nominal stress 
approach, commonly adopted in bridge codes 
(BS5400 1980, AREA 1996).  
2 THE THEORY OF CRITICAL DISTANCES 
The Theory of Critical Distances (TCD) is a recently 
developed methodology for fatigue assessment of 
notched components (Taylor 2007). The TCD, rather 
than relying on a single, remotely applied stress, as 
postulated by the well-known S-N method, or the 
stress at the notch (stress concentration), considers 
the entire stress distribution ahead of the notch. This 
theory, which can be used in conjunction with linear 
elastic FE analyses and can be applied to any type of 
stress concentration, has the advantage of requiring 
only a limited number of fatigue physical test data. 
The concept behind the TCD is that the fatigue 
behaviour of notches does not depend on a single 
stress concentration. Rather, fatigue is influenced by 
the stress distribution ahead of the stress concentra-
tion and, therefore, on the stress gradient. With the 
extensive development and use of the FE method 
during recent years, which allows the analysis of 
complex, three-dimensional (3D) geometries, rea-
sonably accurate descriptions of the stress fields 
ahead of stress concentrations can be obtained. 
A key feature in the TCD method is the definition 
of the critical distance, which describes the region 
within which stress calculations are to be carried out 
for fatigue assessment. This distance is characteristic 
of the zone within which the physical processes 
leading to fatigue crack initiation are presumed to 
take place. This suggests that, unlike the traditional 
theory, which relies on stress definition at a single 
point, damage within the TCD context is associated 
with a finite volume. 
The critical distance L is defined as (Taylor 1999) 
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where ΔKth is the threshold stress intensity (crack 
propagation threshold) and Δσ0 is the fatigue limit of 
the plain (un-notched) material. Note that, since ΔKth 
and Δσ0 are both material properties, Equation 1 im-
plies that L will also be a material property. 
Having established L, the next step is to define an 
appropriate stress measure (characteristic stress), 
which is associated with L and used in fatigue calcu-
lations. Different methods have been proposed to 
that effect. The point method suggests considering 
the maximum principal stress σp(max) at a distance of 
L/2 from the tip of the notch (Taylor 1999). The line 
method suggests averaging the maximum principal 
stress along a line of length 2L starting from the 
notch tip (Taylor 1999). In the area method, the 
maximum principal stress is averaged over a semi-
circular area, which is centred at the notch tip, hav-
ing a radius of 1.32L (Bellett et al. 2005). For 3D 
applications, the volume method, which relies on 
averaging principal stresses over a hemisphere cen-
tred at the tip of the notch with a radius of 1.54L has 
been proposed (Bellett et al. 2005). 
The TCD can be used to estimate the fatigue 
strength of notched components as well as their fa-
tigue life (Taylor 2007). The former is carried out by 
comparing the characteristic stress, obtained by one 
of the four methods described earlier, with the con-
stant amplitude fatigue limit of the plain (un-
notched) material in order to determine whether fa-
tigue failure will occur. On the other hand, fatigue 
life under variable amplitude loading can be calcu-
lated by using the characteristic stress in conjunction 
with the plain material S-N curve. Thus, the applica-
tion of TCD in fatigue assessment requires physical 
characterisation of the plain material only, rather 
than the extensive, but often lacking, physical test-
ing on specific detail geometries. 
Comparisons of analytical and experimental re-
sults on a wide range of notch geometries and mate-
rials have verified the applicability of the TCD 
method on predicting both fatigue strength and fa-
tigue life (Taylor 1999, 2005, Taylor & Wang 2000, 
Susmel & Taylor 2003). 
An appealing feature of the TCD is that it is mesh 
insensitive. As is well known, a major drawback of 
the FE method is that, in general, the maximum 
stress at the points of stress concentration (notches) 
does not converge with increasing mesh density 
since these points are usually associated with nu-
merical singularities. As a result, the fatigue damage 
becomes unbounded. Since the TCD relies on the 
entire stress distribution ahead of the stress concen-
tration and not on a single maximum stress value, it 
can overcome this problem. Previous studies carried 
out on a typical riveted bridge connection model 
have demonstrated the convergence characteristics 
of the TCD volume method (Righiniotis et al. 2008).  
3 RELIABILITY ANALYSIS 
3.1 Description of methodology 
In a previous study, a probabilistic approach for the 
fatigue assessment of riveted railway bridges has 
been developed by the authors (Imam et al. 2008). 
This approach, which is based on the S-N method 
and nominal stresses, takes into account loading, 
material and model uncertainties. Through this 
study, which was carried out under a historical train 
load model, annual fatigue load spectra for a typical 
stringer-to-cross-girder bridge connection were gen-
erated for different periods of the load model. By us-
ing these spectra, the reliability profile of the con-
nection was estimated for different fatigue detail 
classification assumptions. The investigation was 
carried out by using the simple, global FE model of 
a typical riveted bridge and the connection was 
treated as a single element without distinguishing 
between individual components. 
Following the above mentioned study, which 
identified very high standard deviations in fatigue 
life predictions, a more refined analysis of the con-
nection was carried out (Righiniotis et al. 2008). 
This was accomplished by using a more detailed FE 
model of the bridge, which was described fully and 
validated in previous studies (Imam et al. 2007), at 
the location of a connection (see Figure 1). In this 
refined analysis, which was carried out deterministi-
cally, the individual components of the connection 
such as rivets and angle clips as well as the rivet 
clamping force were modelled explicitly, as shown 
in Figure 2. By estimating the fatigue damage of 
each component under train loading, these were 
ranked according to their fatigue criticality. The fa-
tigue damage calculations were based on the TCD 
volume method, which, as presented in section 2, 
takes into account the entire stress distribution ahead 
of any given stress concentration and can capture the 
stress gradient in every direction. Through this in-
vestigation, fatigue critical hot-spots on the connec-
tion were found to be located around the perimeter 
of the holes, around the circumference of the rivet 
head-to-shank intersection and along the depth of 
the angle fillet (Righiniotis et al. 2008). 
In this paper, the results obtained from the TCD 
method are extended within a probabilistic frame-
work, in a similar fashion as was performed in the 
previous study which was based on the nominal 
stress method (Imam et al. 2008). Trains are trav-
ersed over the bridge and maximum principal stress 
histories are obtained at the critical hot-spots on the 
different connection components. These are then 
combined, by using the volume method within the 
TCD context, to obtain the characteristic stress his-
tories at each hot-spot. These histories are then con-
verted into stress ranges through rainflow counting 
and the fatigue damage is calculated using Miner’s 
rule (Miner 1945). 
On the loading side, the problem is randomised 
by introducing uncertainties in train traffic volume 
and dynamic amplification. Further uncertainty in 
loading is incorporated by considering the epistemic 
or modelling uncertainty, represented by the ratio of 
actual-to-calculated stresses. On the resistance side, 
the S-N curves and the cumulative damage model 
(Miner’s rule) are treated probabilistically. 
Monte Carlo simulations are used to simulate 
train passages and to generate random stress ranges. 
This is done by multiplying the deterministic stress 
ranges with factors accounting for dynamic amplifi-
cation and the epistemic uncertainty, which are sam-
pled from their assumed distributions. As a result, 
annual fatigue load spectra are generated for each 
hot-spot, their sample size being determined by the 
train frequencies. By combining these spectra with 
the resistance uncertainties in a reliability-based 
formulation, failure probability time profiles and 
remaining fatigue life estimates are generated for 
each hot-spot on each individual connection compo-
nent. These hot-spots are then treated as the ele-
ments of a structural system, representing the entire 
connection, whose reliability over time is evaluated 
using system reliability methods. 
 
 
Figure 1. Refined finite element model of the bridge. 
 
 
Figure 2. Close-up view of the detailed connection model. 
3.2 Random variables 
Live loading on the bridge is represented by the 
BS5400 (1980) medium traffic model, which is sug-
gested by the British code for present rail traffic. 
The annual frequency ftj for each train type j cross-
ing the bridge is obtained from BS5400 and is as-
sumed to be lognormally distributed with a coeffi-
cient of variation (CoV) of 0.14. For the dynamic 
amplification factor (DAF), a normal distribution 
with a mean value of 1.10 and a standard deviation 
of 0.15 is assumed. Modelling or epistemic uncer-
tainty is here captured by the ratio of actual-to-
calculated stresses, α, which is assumed to follow a 
normal distribution with a mean value of 0.80 and 
CoV of 0.14. Further details are found in Imam et al. 
(2008). 
For fatigue damage calculations, the S-N curve is 
treated probabilistically by assuming a fixed slope 
and a random fatigue limit. For wrought-iron, a log-
normal distribution with a mean value of 183 MPa 
defined at NFL=2×106 cycles and a CoV of 0.1 is as-
sumed for the fatigue limit Δσ0 (Righiniotis et al. 
2008) together with a slope of 1/5 (Cullimore 1967). 
In graphical terms, the effect of random variability 
of the fatigue limit is to produce a parallel shifting of 
the S-N curve with the fatigue limit always defined 
at 2×106 cycles. 
The damage limit Δ in Miner’s sum is also as-
sumed to be a random variable. In deterministic 
analysis, this damage limit, which indicates fatigue 
failure, is assumed equal to one. Herein, a lognormal 
distribution with a mean value of 0.90 and a CoV of 
0.30 is considered (Wirsching 1995). 
A summary of all the random variables and their 
distribution characteristics considered in the reliabil-
ity analyses is shown in Table 1. 
 
Table 1. Characteristics of random variables.   ______________________________________________ 
Random variable Distribution      Mean value    CoV         ______________________________________________ 
Δσ0      Lognormal       183 MPa         0.1 
Δ       Lognormal        0.90                0.3 
DAF      Normal             1.10                 0.14    
α                            Normal             0.80                 0.14    
ftj                             Lognormal        *                      0.14 
ΔKth      Deterministic    13.5 MPa·m1/2  
L       Deterministic    1.73 mm _____________________________________________ 
* Obtained from BS5400 (1980).  
3.3 Fatigue damage and remaining life 
As a first step towards fatigue damage calculations, 
annual fatigue load spectra for each critical hot-spot 
on the connection are developed. These spectra are 
developed by multiplying the static stress ranges 
(determined from the averaged, over the volume, 
maximum principal stress histories) obtained from 
previous deterministic analyses of the bridge 
(Righiniotis et al. 2008) with the DAF and the α  
factors. For each individual train crossing, a differ-
ent value of DAF and α is sampled from the as-
sumed probability distributions in order to account 
for randomness in these variables. This process of 
calculating the stress ranges is carried out ftj times, 
where ftj is the annual frequency of train type j. Ef-
fectively a Monte Carlo simulation is carried out, 
with random variables DAF and α sampled from as-
sumed distributions. Since the train frequencies ftj 
are also taken to be random, the above process is re-
peated 103 times, in order to capture the uncertainty 
in the train frequencies. 
The fatigue damage in each hot-spot is then calcu-
lated from its annual fatigue load spectrum (stress 
range histogram). The annual damage is given as 
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where k is the number of stress range blocks in the 
fatigue load spectrum, (Δσave)i  is the ith stress range 
and ni is the corresponding number of applied cy-
cles. It should be recalled that (Δσave)i  are the stress 
ranges obtained from the characteristic stress history 
which is calculated by averaging the maximum prin-
cipal stress histories within the critical volume.  
The probability of failure is calculated by sum-
ming up the annual damages (Da) over the years, 
starting from year 1970, and considering a limit state 
function given as 
∑−Δ= T
i
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where T is the number of years after 1970. The fa-
tigue damage up to year 1970 is considered to be 
negligibly small, as demonstrated in earlier studies 
(Imam et al. 2006). For remaining fatigue life calcu-
lations, future load evolution is ignored and the 
BS5400 medium traffic is extrapolated into the fu-
ture up to the point of fatigue failure (g ≤ 0). Thus, 
the remaining fatigue life Tr of any hot-spot is given 
as 
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Based on the limit state function of Equation 3, 
the probability of fatigue failure can be defined as 
[ ] [ ]tTPXgPP rf <=≤= 0)(  (5)   
where g≤0 represents the ‘failure’ domain. This 
probability, which is a function of time, is estimated 
using Monte Carlo simulation with 106 samples. The 
sample size was determined through a convergence 
study as discussed by Imam (2006). 
3.4 System approach 
The approach described in Section 3.3 can be used 
to estimate the probability of fatigue failure of indi-
vidual hot-spots on various connection components, 
e.g. of a single rivet or of a single hole etc. How-
ever, the connections used in riveted bridges consist 
of a number of components. For example, a typical 
stringer-to-cross-girder connection, which is the fo-
cus of this investigation, consists of 4 angle clips 
and 10 rivets as shown in Figure 3. The connection 
can be considered as a system consisting of 4 sub-
systems, which are the angle clips. Each angle clip, 
in turn, consists of various hot-spots as its individual 
elements (e.g. holes, rivets, fillets). For example, it 
can be seen in Figure 3(a) that there are three holes 
and three rivets on the leg of each angle clip that is 
connected to the cross-girder web (rivets/holes 1-3) 
whereas there are two holes and two rivets on its leg 
connected to the stringer web (rivets/holes 4-5). Fur-
thermore, two hot-spots are considered along the fil-
let depth (fillets 1-2)  Combined failure in hot-spots 
will imply angle clip failures whereas combined an-
gle clip failures will in turn imply total connection 
failure. 
 
 
 
 
Figure 3. (a) Close-up view of the connection showing indi-
vidual components (hot-spots) (b) Cross-sectional view of 
connection showing individual angle clips.  
 
Potential failure modes of an individual angle clip 
are here considered as the following: 
 
− failure of all three holes (holes 1-3) on the cross-
girder leg of the angle clip (mode 1) 
− failure of both holes (holes 4-5) on the stringer 
leg of the angle clip (mode 2) 
− failure of all three rivets (rivets 1-3) on the cross-
girder leg of the angle clip (mode 3) 
− failure of both rivets (rivets 4-5) on the stringer 
leg of the angle clip (mode 4) 
− failure of both hot-spots along the depth of the 
angle fillet (fillets 1-2) (mode 5) 
 
The probability of failure of each of these five 
modes can be estimated from the probabilities of 
failure of the individual hot-spots that contribute to-
wards its failure. For instance, since failure in mode 
1 is assumed to take place when all three holes 1-3 
have failed, this can be considered as a parallel sub-
system with the holes 1-3 being its individual ele-
ments. Thus, 
[ ] [ ]3211 HoleHoleHolePModeP II=   (6) 
where the events in brackets imply failure. Assum-
ing that failure of hot-spots (holes in this example) 
are statistically independent with each other, the 
probability of mode 1 failure can be estimated as 
)3()2()1()1( HolefHolefHolefModef PPPP ⋅⋅=  (7) 
The failure probability in any one of the remaining 
modes can be estimated in a similar fashion. It is 
important to note that correlation between failure 
modes should be expected. Assuming statistical in-
dependence herein is a conservative assumption. 
Since failure in any of the forms of modes 1-5 
postulates failure of an angle, an angle clip can be 
considered as a series system consisting of these in-
dividual elements contributing to each failure mode. 
A system representation of an angle is shown in Fig-
ure 4. Thus, 
[ ] [ ]5...21 ModeModeModePAngleP UUU=  (8) 
and the probability of failure of an angle clip will be 
given as 
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where each of the probabilities on the right hand 
side can be calculated from Equation 7. 
 
 
 
Figure 4. System representation of an angle clip. 
Furthermore, the entire stringer-to-cross-girder 
connection can be considered as a parallel system 
comprised of angles as individual elements (Figure 
5). A number of assumptions can be made regarding 
the number of angle failures that would lead to total 
connection failure. The probability of failure of the 
connection assuming failure of one angle only is 
given by Equation 9. Assuming that any two angle 
failures imply total connection failure, the system 
probability of failure can be calculated as 
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Equation 10 may be used in the case of assuming 
statistical independence between angle failures. 
Similarly, the probability of failure of the connection 
resulting from all four angle failures (as shown in 
Figure 5) is given by 
)4()3()2()1()( AnglefAnglefAnglefAnglefConnectionf PPPPP ⋅⋅⋅= (11) 
For the purposes of this investigation, only the 
stresses at different hot-spots on angle clip 1 were 
obtained and post-processed using the TCD. The 
stresses on the remaining angle clips (2-4) are as-
sumed to be equal to the angle clip 1 stresses which 
may not be true. Consequently, the probability of 
failure of any angle is the same (Pf(Angle1)= Pf(Angle2)= 
Pf(Angle3)= Pf(Angle4)). 
 
 
 
Figure 5. System representation of stringer-to-cross-girder con-
nection. 
4 RESULTS AND DISCUSSION 
4.1 Critical volumes 
As presented earlier, the TCD method is based on 
determining a critical distance which defines the re-
gion within which stress averaging is to be per-
formed for fatigue damage calculations. The critical 
volumes at the different hot-spots of the connection 
under investigation have been determined in earlier 
studies (Righiniotis et al. 2008). For presentation 
purposes, some examples of these critical volumes, 
which are in the form of a hemisphere centred at the 
notch and having a radius of 1.54L, are also shown 
here in Figures 6 and 7. In this paper, the stresses are 
estimated using a fixed L=1.73mm, which is ob-
tained using a deterministic value for ΔKth= 
13.5MPa·m1/2, as suggested by Helmerich et al. 
(2007) following crack growth experiments on 
wrought-iron, together with the mean value of 
Δσ0=183 MPa. Within the TCD context, maximum 
principal stresses are averaged within these critical 
volumes and the average maximum principal stress 
history is determined for each train that passes over 
the bridge. The rainflow counting method is used to 
convert these stress histories into stress range blocks 
which are then updated, within a probabilistic 
framework (as described in Section 3) through 
Monte Carlo simulations, to generate annual re-
sponse spectra for each hot-spot within the connec-
tion. 
 
 
Figure 6. Critical volume around a hole perimeter. 
 
Figure 7. Critical volume around the rivet perimeter at its head-
to-shank intersection. 
4.2 Fatigue load spectra 
Figure 8 shows a typical probabilistic fatigue load 
spectrum generated for a hot-spot on the angle fillet 
1 of the connection (see Figure 3(a)), together with 
the corresponding mean and standard deviation of 
the stress range. As mentioned previously, the spec-
tra include the random effect of DAF, α and ftj. The 
results pertain to the case of a 200 MPa clamping 
stress in all the rivets of the connection. 
It is evident that most stress cycles experienced 
by the hot-spot are below the fatigue limit of the ma-
terial (183 MPa) for this particular hot-spot. This 
was also observed in the fatigue load spectra devel-
oped in earlier studies using nominal, instead of lo-
cal, stresses (Imam et al. 2008). 
4.3 Fatigue damage and remaining life 
The fatigue damage in each hot-spot is calculated 
from its annual load spectrum, similar to Figure 8. 
The probability of failure and the remaining fatigue 
life are, then, estimated through Monte Carlo simu-
lations using Equations 5 and 4, respectively. 
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Figure 8. Annual fatigue load spectrum for angle fillet 1. 
 
Figure 9 shows the probability of fatigue failure 
from year 2008 onwards for the different connection 
hot-spots shown in Figure 3(a). As mentioned ear-
lier, these hot-spots are then treated as the individual 
elements of a structural system representing an angle 
clip. The probability of failure of the system, com-
prising of one angle only and calculated using Equa-
tion 9, is also shown for comparison purposes. The 
results are presented for a 200 MPa clamping stress 
in all rivets. 
It is evident from Figure 9 that there is a very 
wide range in the probabilities of failure of the dif-
ferent hot-spots. The remaining fatigue lives of the 
hot-spots range, for a 2.3% (design) probability of 
failure, from a couple of years up to >100 years. 
This illustrates the localised nature of the fatigue 
phenomenon with the damage being initiated from 
specific stress concentrations within a connection. 
The highest failure probabilities (lowest remaining 
lives) are obtained for hole 5, fillet 1 and rivet 3. 
The system failure probabilities, assuming one-
angle, two-angle, and four-angle systems, calculated 
through Equation 11, are presented in Figure 10. On 
the same figure, the reliability profiles obtained in 
earlier studies by the authors using the nominal (S-
N) stress method (Imam et al. 2008) are also shown. 
The latter had been obtained for different fatigue de-
tail classifications according to British (Class 
Wrought Iron (Railtrack 2001), Modified Class B 
(BS5400 1980)) and American (AREA (1996) 
punched holes) bridge design/assessment codes. 
It can be seen in Figure 10 that the failure prob-
ability of the connection (system) consisting of one 
angle only is considerably higher than the case of 
assuming a two- or a four-angle system. In terms of 
remaining fatigue life, for a 2.3% probability of fail-
ure, a one-angle, two-angle and four-angle system 
results in 30, 65 and >100 years. By comparing the 
system reliability profiles with those obtained earlier 
through the traditional nominal stress (S-N) ap-
proach, it can be seen that a one-angle system as-
sumption gives more conservative remaining life es-
timates than its nominal stress counterparts. On the 
other hand, the remaining life estimates obtained 
from the two- and four-angle systems can be seen to 
lie between its AREA (1996) punched holes and 
Class Wrought Iron (Railtrack 2001) counterparts. 
The TCD method appears to result in a more rapid 
increase in the probability of failure of the connec-
tion with time as compared to the nominal stress 
method.   
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Figure 9. Probability of fatigue failure versus time for different 
connection hot-spots. 
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Figure 10. System probability of failure versus time obtained 
using the TCD compared to the probability of failure obtained 
using the S-N method (nominal stresses). 
 
It should be noted that, for the purposes of this 
investigation, redistribution of stresses following a 
hot-spot (component) failure is not taken into ac-
count. The stresses on the remaining hot-spots are 
assumed to remain the same as in the undamaged 
state of the connection. However, the stresses will 
certainly change when a component has failed (e.g. a 
hole or a rivet) and the remaining hot-spots will 
carry the loads, which may lead to progressive fail-
ure of the connection. This study has also adopted 
non-evolving loads from present day onwards, 
which is likely to be a non-conservative assumption 
given the current outlook on the development of rail 
freight in the UK and other countries. Furthermore, 
the assumption of independent failure modes in a 
weakest-link system, similar to the one investigated 
in this paper, leads to conservative results. 
5 CONCLUSIONS 
A system-based model for fatigue assessment of 
riveted railway bridge connections was presented, 
building on previous work carried out by the au-
thors. A finite element model of a typical, short-
span, riveted railway bridge encompassing a detailed 
sub-model of a stringer-to-cross-girder connection 
was used to convert the train loads to fatigue load ef-
fects. The criticality of the fatigue sensitive details 
(hot-spots) was assessed through the Theory of 
Critical Distances, a recently developed theory 
which considers the entire distribution ahead of any 
given stress concentration. Through Monte Carlo 
simulations, probabilistic fatigue load spectra for 
critical hot-spots on different components of the 
connection, such as holes, rivets, angle fillets were 
developed. These spectra showed that the majority 
of the stress cycles experienced by the hot-spots are 
below the fatigue limit of the material.  
Reliability profiles and probabilistic remaining fa-
tigue life estimates for the connection were also ob-
tained. Loading, resistance and modelling uncertain-
ties were taken into account. On the loading side, the 
problem was randomised through dynamic amplifi-
cation and the annual train frequencies. On the re-
sponse side, the S-N curve and the cumulative dam-
age model were treated as random. Finally, on the 
modelling side, the ratio between actual and calcu-
lated stresses was represented as a random variable. 
The riveted connection was treated through generic 
sub-systems capturing potential damage in identifi-
able hot-spots, such as rivets, holes and angle fillets. 
These hot-spots were treated as the elements of a 
structural system susceptible to fatigue failure. The 
reliability profiles showed that the remaining life of 
the connection is sensitive to the assumptions made 
regarding the form of the system considered for the 
analysis. Low remaining lives were obtained for a 
number of the connection’s hot-spots indicating that 
fatigue cracking may be imminent or may have al-
ready initiated in a number of similar existing bridge 
connections. Reliability profiles obtained from the 
TCD method and the system representation has 
shown a more rapid increase in failure probability of 
the connection compared to similar results obtained 
using the traditional S-N approach. 
It is unwise to generalise the results and conclu-
sions presented in this paper to all types of riveted 
bridge connections with different configurations and 
geometries. For example, field observations from fa-
tigue damage cases have shown that fatigue cracking 
occur more commonly at the top and bottom part of 
connections. This paper is a first attempt at present-
ing a general system-based representation appropri-
ate for fatigue assessment of complex connections. 
As discussed, further work is required so that it can 
serve as a useful tool in planning inspections and/or 
repair actions in similar riveted bridge connections. 
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